Abstract Corn's (Zea mays L.) stover is a potential nonfood, herbaceous bioenergy feedstock. A vital aspect of utilizing stover for bioenergy production is to establish sustainable harvest criteria that avoid exacerbating soil erosion or degrading soil organic carbon (SOC) levels. Our goal is to empirically estimate the minimum residue return rate required to sustain SOC levels at numerous locations and to identify which macroscale factors affect empirical estimates. Minimum residue return rate is conceptually useful, but only if the study is of long enough duration and a relationship between the rate of residue returned and the change in SOC can be measured. About one third of the Corn Stover Regional Partnership team (Team) sites met these criteria with a minimum residue return rate of 3.9±2.18 Mg stover ha
Introduction
Corn stover was identified as an abundant, nonfood, herbaceous bioenergy feedstock because of the extensive area upon which the crop is grown, its high-yield potential, and the farmer costs associated with residue management [43] . A vital aspect of utilizing corn stover for bioenergy production is to establish harvest criteria to avoid exacerbating soil erosion or degrading soil organic carbon (SOC) levels. Although conservation planning for erosion control has a long history, harvesting crop residue while also managing for SOC maintenance is a relatively recent concern [44] . The amount of residue that is needed on a soil to maintain SOC levels can exceed the amount needed for erosion control [47] . A literature review that included several crops and management scenarios estimated 2.5±1.7 Mg C ha −1 yr −1 (n=28, 6.3 Mg ha −1 yr −1 aboveground residue) was needed to maintain SOC levels [16] . Tan et al. [42] used similar empirically derived minimum residue requirements to estimate sustainable corn stover feedstock based on county level yield information. They estimated that harvestable stover ranged from 31 to 118 Tg (Tg=10 9 kg), depending upon harvest option, tillage, and soil baseline SOC levels [42] . While these crude estimates are conceptually useful, verification and refinement are necessary if they are to be used across the USA for site-specific recommendations, especially in different agricultural management systems under varying climatic and soil conditions [46] .
The Corn Stover Regional Partnership team (Team) representing multiple agencies across the USA was organized to address the hypothesis that a sustainable bioenergy system can be obtained [17] [18] [19] . An overall goal of the Team was "ensuring the soil resource indefinitely meets the demands for food, feed, fiber, and fuel" [45] . One aspect for meeting that goal was to empirically determine the amount of stover needed to be retained to sustain SOC levels, which in turn could be used to validate and enhance process-based models [17] . To address that challenge, data were gathered from several locations with diverse climatic conditions and soil properties in anticipation that the results would provide key determinants of SOC responses to stover harvest [17] as well as published information to refine minimum residue requirements for a wide range of soils. Thereby, addressing the hypothesis that a widely applicable minimum residue requirement can be identified or that key variables controlling how residue is required could be ascertained.
Material and Methods
Data for empirically estimating the amount of stover needed to sustain SOC levels were collected by the Team from seven states in 19 field management combinations (Fig. 1) . Except University Park, PA, and Florence, SC, study sites were within the US Corn Belt. A description of the climate, soil, and management characteristics is summarized in Table 1 , while additional information on these sites is available in Karlen and Karlen et al. [17] [18] [19] .
Each Team site provided an annual average amount of stover returned and a corresponding change in SOC concentration (ΔSOC) at 0-15 or 0-30 cm. Soil organic C was determined by combustion at each location, adjusting for the presence of inorganic C if necessary (i.e., Morris), following recommended soil sampling and analysis protocols [25] . The ΔSOC was calculated (ΔSOC=SOC n − SOC i ), where SOC n is the concentration (g kg −1 ) at some time after treatment application, and SOC i is the initial SOC concentration. Crop and stover yield was measured at each Team site [18] , and each site had at least three stover return rates. Consistent with others [e.g., 9, 22, 47] , this approach regressed ΔSOC (dependent variable) as a function of the average amount (Mg ha −1 yr −1 ) of residue left in the field [e.g., 9, 22, 47] . This approach assumes that the kinetic rate coefficients for humification and mineralization remain constant for the duration of the experiment [16] . If the resultant slope is positive, it indicates that SOC accrued proportionally to the mass of aboveground stover biomass returned. Furthermore, implying the kinetic assumptions was valid. Therefore, when the ΔSOC as a function of stover returned has a positive slope and a negative y-intercept, the corresponding x-intercept (when ΔSOC is equal to zero) empirically approximates the minimum amount of stover needed to maintain the SOC level at a given site and management conditions. Conversely, if the slope of the regression was equal to or less than zero, or if the yintercept was greater than zero, it was not possible to use linear regression to approximate a minimum residue removal rate. Therefore, negative slopes were treated as zero indicating that a relationship did not exist, and the corresponding x-intercepts (minimum residue return rates) were treated as missing values when calculating summary statistics and correlation analysis.
Correlation analyses were used to assess how climate, soil, and management factors may be related to the minimum amount of stover needed to maintain SOC as determined from studies that had 3 or more years separating SOC sampling time points. Data from the literature (summarized in Online Resource 1) were utilized in addition to the Team data. Twelve variables were included as indicators of climatic conditions (elevation, latitude, longitude, mean annual temperature (MAT), mean annual precipitation (MAP)), soil properties (bulk density, pH, silt plus clay, SOC i ), and management practices (study duration, sampling depth, and tillage depth). These variables do not represent all factors that may influence a change in soil C but were chosen because they were commonly reported or readily obtained. Slope or slope position may also be important in soil C processes but because most of the Team sites were on flat fields or the data was not readily available; slope was excluded from the current analysis. Silt plus clay concentration was included as a soil-defining property because of its potential role in sequestering C [11, 41] . Simple descriptive statistical summary data and Pearson correlation coefficients were calculated using SAS statistical software [37] . Multiple regression models with a maximum R 2 option [37] were used to empirically identify factors that contributed to a relationship between ΔSOC and biomass inputs. Three datasets were included: (1) Team data (Tables 1 and 2 ), (2) Team plus previously published data from corn-based systems (Online Resource 1), and (3) Team plus all previously published data from any crop system (Online Resource 1).
Results and Discussion
The Team had 11 sites across seven states ( Fig. 1 and Table 1 ). The elevation ranged from 140 to 1,166 m. Florence, SC, site (#9) was the most southern (latitude 34°N) and warmest (17°C), and Morris, MN, site (#6) was the most northern (45°N) and coldest (5.8°C). University Park, PA, site (#11) was the most eastern (latitude 77°W), and Ithaca, NE, site (#8) was the most western (latitude 96°W). Brookings, SD, (#10) represents the site with the lowest MAP (58 cm), and Florence, SC, (#9) represents the site with the highest MAP (130 cm). These sites contained a range of soil types that were managed with continuous corn or corn-soybean (Glycine max (L.) Merr.), while two sites (Brookings, SD, #10 and University Park, PA, #11) had cover crops included in the rotation. ), x-intercept, which is the minimum biomass needed to maintain SOC (Mg ha Study duration ranged from 2 to 9 years at the time of soil sampling. Four sites (Ames #4, Lamberton #5, Morris #6, and Northfield #7) provided data from more than one tillage management system. Data were available for 19 fields located among the 11 Team sites (Table 2) . Bulk density on these fields ranged from 1.0 (#7a) to 1.8 g cm −3 (#5a and #5b). All the field sites were on highly managed agricultural soils with adequate to high levels of P and K. Soil pH in the surface 30 cm was 4.8 (#9) to 7.7 (#3) because some sites had inorganic C; we report SOC rather than total soil C. Baseline SOC ranged from 11.4 to 39.4 g kg −1
. The sample depth included for the current analysis was 15 or 30 cm. Roughly, half of the fields were managed without tillage, and the most common tillage practice was tilling (∼20 cm) with a chisel plow.
The change in ΔSOC as a function of biomass inputs was linearly regressed for each field, unless the time between soil C sample dates was ≤2 years. Only six fields met the criteria of a positive slope, negative y-intercept with regression coefficient (data not shown) that suggested a meaningful relationship between ΔSOC as a function of biomass inputs, such that a minimum residue return rate could be calculated from the xintercept (Table 2) . Using these fields, minimum residue return rate averaged 3.93±2.18 Mg ha
, n=6 (Tables 2 and  3 ). All but one of these fields were tilled annually. A prior literature syntheses estimated the minimum residue requirement at 6.25±4. MAP mean annual precipitation, MAT mean annual temperature, BD bulk density, SOC i initial soil organic carbon, ΔSOC change in soil organic carbon concentration, N number of observations, SD mean standard deviation, Min minimum, Max maximum P≤0.05). The correlation coefficients of other variables were not significant at least P≤0.1. These results highlight the importance of climatic, soil, and management factors rated to ΔSOC and biomass input relationships. The concept of a minimum residue return rate assumes a linear relationship between ΔSOC and biomass inputs. However, about two thirds of the Team fields lacked evidence of the relationship between ΔSOC and biomass inputs. Several plausible but not mutually exclusive processes may have contributed to these observations. Belowground biomass provided sufficient inputs to support SOC, the rate kinetics related to humification and/or mineralization were not stable, spatial and temporal variability related to measuring SOC prevented the detection of changes, study duration (time between soil sampling) was insufficient to detect changes in stable organic C, and/or the soil was approaching C saturation.
Belowground C inputs play a critical role in building and maintaining SOC. It has been estimated that roughly two thirds of SOC originated from belowground inputs [1, 14] . If corn stover is harvested, belowground C inputs remain, such that belowground C provides a larger percentage of the overall C inputs with an even greater role in SOC balance. Roots are not uniformly distributed through the soil profile, which may confound soil C measurements despite removing visible roots prior to measuring SOC. While in some instances, belowground C inputs may be sufficient to support SOC, the current analysis is insufficient to suggest that this as a plausible explanation for a lack of relationship between ΔSOC and biomass inputs. This is especially relevant since several of the Team sites represented less than 5 years of study, which is too little time to detect changes in a stable organic C pool. Based on a laboratory incubation study, the half-life of corn roots was about twice as long as that of stover, both exceeding 2 years [14, 15] . Field studies also reported corn roots and shoots taking more than a year to decompose [7] . Residue decomposition is part of the overall humification process converting plant residue into stable soil organic matter. Another plausible explanation for the lack of a relationship is a shift in humification and or mineralization rate kinetics.
Our current analysis was not designed to directly address soil C process kinetics even though humification and mineralization may be impacted directly or indirectly by harvesting stover. For example, removing stover can impact soil albedo and, subsequently, energy dynamics altering kinetics via shifts in soil temperature and moisture [16] . The ensuing soil microbial response is mediated by soil moisture and temperature fluctuations [33] . In very general terms, decomposition rates are expected to increase as temperature and precipitation increase to an optimum before declining [20] . Soil fauna (e.g., microbes and worms) has key roles in SOC processes, which respond negatively when stover is removed [16] . Additional discussion describing how stover harvest impacts the soil microbial community is provided by Lehman et al. within this issue [23] . Stover harvest is expected to impact SOC, Significant coefficients are in bold print denotes P is ≤ 0.1, if followed by * denotes P is ≤ 0.05, while ** denotes P is ≤ 0.01 when the rate of mineralization and humification are constant, such that the SOC accrual is proportional to the biomass input rate. When the rates are constant, a dynamic equilibrium may be achieved, which provides the underpinning for estimating a minimum biomass or residue input. However, if a soil is approaching C saturation [41] , changes in C as a function of biomass inputs approach zero. Saturation kinetics may occur when a finite number of mineral binding sites are available. Saturation kinetics has an asymptote beyond which there is little response. For example, SOC has been shown to increase as silt plus clay concentration increases, because finely textured soils have more binding sites for organic compounds [35] . Thus, if the binding sites are saturated, the ΔSOC as a function of inputs would approach zero. Conversely, if SOC is below the asymptote, it should be possible to detect a ΔSOC as a function of inputs. Presumably, a minimum level of inputs exists even if all binding sites are saturated. If a soil is Csaturated, it is reasonable to assume that if residues are repeatedly withheld, SOC dynamics will move back into an unsaturated state. Based on 14 long-term experiments, C saturation occurred at about 40 Mg C ha −1 [41] ; using the inflection point of this saturation curve suggests between 1 and 2 Mg C ha −1 yr −1 are necessary to maintain C satura- ) determined using the Team and all cited studies (Table 3) . It is more challenging to detect a change in SOC and to empirically determine a precise minimum input requirement for soils that are nearing their saturation level. Thus, the inability to measure a change in SOC is not an evidence that a soil does not have minimum input requirement. Likewise, failure to detect a change in SOC or a relationship between ΔSOC and biomass inputs alone does not provide conclusive evidence for C saturation. At saturated and unsaturated conditions, spatial and temporal variability hampers the detection of SOC changes [9, 12, 32] .
The inability to detect changes in SOC at many Team sites may simply be due to the short study duration between soil sampling dates, which was 5 years or less, except at the Ithaca, NE, site (Table 1) . Others have reported little or no change during the first 2 to 5 years after a management change [6] ; in some instances, it takes 10 or more years to measure a change in the SOC levels [12] . Most of our Team studies have not existed long enough to conclusively establish a function between ΔSOC and biomass inputs. Furthermore, inherent variability across the landscape and within the soil profile may hamper our ability to detect SOC changes, which is why published data were included in the correlation analyses.
Horizon thickness within the soil profile may be inherently variable (e.g., Morris and Lamberton, MN) due to geological development (i.e., glaciation). Typical of Wisconsin-aged glacial till soils, the depth of the mollic epipedon overlaying a highly calcareous subsoil is highly variable [38] . The sampling scheme was based on predefined depth increments; therefore, it is likely that varying amounts of calcareous subsoil may be included within a soil core. Returning to the same GPS-sited location helps reduce this source of variability, but nonetheless, it will impact the ability to accurately and precisely determine ΔSOC. The challenge of vertical variability is a rationale for incremental sampling based on soil profile characteristics. However, this makes pooling soil cores within a plot complicated if depth is not uniform. It is beyond the scope of this article to discuss the pros and cons of soil sampling protocols [21] ; rather, it is to highlight potential sources of variability. Closely related are the stratification of SOC and nutrients in no-tillage situation [5] and redistribution of SOC by tillage [39] that can also complicate detecting ΔSOC.
The impact of tillage on ΔSOC per unit biomass (slope) is influenced by the soil depth considered (Table 4 ). This is consistent as both modeled [3] and empirical [31] results demonstrate that even if SOC in the surface topsoil increases, SOC may decrease at other depth increments or within the entire profile [3, 31] . For example, results from SC demonstrated that under no-tillage management with all crop residue returned, SOC in the surface 0-3 cm increased but decreased in the 3-to 15-cm increment [31] . In contrast, results from NE showed that no-tillage management increased SOC throughout the profile even if stover was harvested, albeit at a reduced rate compared to returning stover [4] . These results illustrate that tillage can impact SOC stratification differentially, which makes the prediction of residue removal throughout the profile difficult.
Wilhelm et al. [47] suggested that fields managed with notillage management may need less residue returned compared to those managed using tillage. Others (e.g., [29, 34] ) also assumed that converting to no-tillage management would increase the amount of stover that could be harvested. Tillage depth was positively correlated with minimum residue return rate (Table 4) , supporting the supposition that more stover or other crop residues may be available for harvest compared to fields managed with tillage. Other factors such as microclimate, root growth, soil texture, SOM inaccessible to microbes due to occlusion within aggregates, and climate interact with management necessitating tools that can integrate multiple interrelated factors.
One approach is to utilize multiple regression model analysis using a maximum R 2 option for determining empirically those factors contributing to the relationship between ΔSOC and biomass inputs. The best overall model and best twocomponent models for identifying climatic, soil, and management factors associated with slope and minimum residue requirement rate are summarized in Table 5 . The best two-component model based on the Team database (R 2 =0.58, P=0.01) and for the Team plus the corn databases (R 2 =0.24, P=0.02) identified climatic (MAT or latitude) and soil properties (pH or silt plus clay) as factors associated with slope. In contrast, including data from other cropping systems, duration and sample depth were the factors included in the best twocomponent model associated with slope. Based on the Team data, the best overall model (R 2 =0.95, P=0.02) for slope identified included indicators of climate (MAP and MAT), soil properties (BD, silt+clay, SOC i ), and management (duration, sample depth, tillage depth). All variables were included in the model with significant maximum R 2 for both the other datasets with slope as a dependent variable. Evaluating the Team data variables identified longitude and silt plus clay as the best two-component model (R 2 =0.89, P=0.03), while the best overall model (R 2 =0.97, P=0.04) included three factors, longitude, MAP, and silt plus clay, as the factors associated with minimum residue rate. The same best two-component model (MAP and tillage depth) and best overall model (all 12 variables) were identified from the other two datasets as the factors associated with minimum residue rate. These observations are consistent with complex dynamic nature of the soil processes involved responding to multiple and interrelated factors.
Process-based models are useful tools for integrating multiple interrelated factors. The process-based soil C balance model CQESTR [24, 36] of residue harvest for a SC sandy loam soil predicted that conservation tillage could offset, but not prevent a SOC loss, if residues were harvested [8] . Building a sustainable biobased economy without sacrificing soil quality through increased erosion or loss of SOC requires integrated empirical and modeling approaches at multiple sites and scales. Muth et al. [27] conducted a comprehensive sustainable harvest assessment evaluation using an integrated modeling strategy, which included soils, climate, and environmental process model modules. Their criterion for a sustainable harvest was defined as having an erosion risk that is less than the tolerable soil loss (T value) and a Soil Conditioning Index (SCI) greater than or equal to zero [26] . In the integrated model using the US 2011 yields, it was estimated that 123 Tg corn stover could be sustainably harvested [27] . Muth and colleagues [28] used process-based models at a subfield level, which identified areas that would be overharvested or underutilized compared to a conventional field level conservation plan. The subfield work by Muth was based on fields in IA. Bonner et al. [2] modeled data from five regional partnership fields using an integrated modeling framework. They concluded that biomass removal must be based on the subfield scale to conserve soil resource and to support economically viable bioenergy platforms.
Conclusion
A sustainable bioeconomy must also ensure that soil quality is safe guarded, such that the soil resource can meet that society's demands for food, feed, fiber, and fuel. For this current analysis, maintaining SOC was the constraining factor; recognizing other constraints also exists. Determining how much residue is needed to maintain the SOC levels using empirical data is fraught with challenges. In this study, using the Team and published datasets, we estimated that the average minimum residue return needed was 5.74 ± 2.4 Mg ha −1 yr −1 (n=49) to sustain the SOC levels. This mean only includes those studies that a relationship between ΔSOC as a function of biomass inputs can be determined. Clearly, it would be naive to assume that we could predict a universal estimate of residue input to answer the question of how much residue could be removed without reducing the SOC levels. Even if the mean is accurate on average, the standard error makes it abundantly apparent that an empirically derived mean cannot be used to predict how much residue is needed to remain on a given field. In terms of a broad average, the concept is useful for discussion, but it should not be used as a predictive management tool. The extensive dataset demonstrates the vast variability within sites due to soil and management interactions and among sites, which are also impacted by climatic variation. Can the mass of crop residue needed to maintain the SOC levels be determined? Yes, but empirical estimates can take many years to determine and do not provide a universal estimate. Does this negate the value of the approach? No, but it does highlight the critical need for empirical data to calibrate and validate process-based models, which are needed to provide biomass estimates at both a subfield and national scale. Cooperative efforts such as those carried out by the Team provide synergy among agencies, soil scientists, agronomists, and modelers and are a critical step on the journey to a viable and sustainable bioeconomy.
